The even-skipped related genes ( evx ) encode homeodomain-containing transcription factors that play key roles in body patterning and neurogenesis in a wide array of Eumetazoa species. It is thought that the genome of the last common ancestor of Chordata contained a unique evx gene linked to a unique ancestral Hox complex. During subsequent evolution, two rounds of whole genome duplication followed by individual gene losses gave rise to three paralogs: evx1 , evx2 , and eve1 . Then, eve1 was maintained in Actinopterygii lineage but not in Tetrapoda . To explain this discrepancy, we examined the expression patterns of the evx1 homologue, Xhox3 , in Xenopus laevis and that of evx1 and eve1 in Danio rerio . We show here that Xhox3 is expressed in a manner that closely reflects the inferred expression pattern of the evx1 gene in the last common ancestor of Vertebrata (i.e., in gastrula, the central nervous system, the posterior gut, and the tip of the growing tail). Zebrafish evx1 and Xenopus Xhox3 are expressed in homologous cell lineages of the central nervous system and of the posterior gut, but evx1 was undetectable in the gastrula and the tail bud. Strikingly, eve1 is the only evx gene of zebrafish to be expressed in these two latter regions. Thus, the ancestral expression pattern of evx1 in vertebrates appears to have been distributed between evx1 and eve1 in zebrafish. We propose that evx1 and eve1 underwent a complementary loss of expression domain in zebrafish that allowed the maintenance of the two paralogs in accordance with the duplication-degeneration-complementation model. It is important to note that, in zebrafish, Evx1 and Eve1 have lost most of the protein domain upstream of the homeodomain. In addition, Eve1 has accumulated substitutions in positions that are highly conserved in all other Evx proteins. Thus, the reduction of the expression domain of both evx1 and eve1 in zebrafish appears to be associated with the modification of constraints on the protein sequences, allowing the shortening of both genes and an accelerated substitution rate in eve1 .
SUMMARY
The even-skipped related genes ( evx ) encode homeodomain-containing transcription factors that play key roles in body patterning and neurogenesis in a wide array of Eumetazoa species. It is thought that the genome of the last common ancestor of Chordata contained a unique evx gene linked to a unique ancestral Hox complex. During subsequent evolution, two rounds of whole genome duplication followed by individual gene losses gave rise to three paralogs: evx1 , evx2 , and eve1 . Then, eve1 was maintained in Actinopterygii lineage but not in Tetrapoda . To explain this discrepancy, we examined the expression patterns of the evx1 homologue, Xhox3 , in Xenopus laevis and that of evx1 and eve1 in Danio rerio . We show here that Xhox3 is expressed in a manner that closely reflects the inferred expression pattern of the evx1 gene in the last common ancestor of Vertebrata (i.e., in gastrula, the central nervous system, the posterior gut, and the tip of the growing tail). Zebrafish evx1 and Xenopus Xhox3 are expressed in homologous cell lineages of the central nervous system and of the posterior gut, but evx1 was undetectable in the gastrula and the tail bud. Strikingly, eve1 is the only evx gene of zebrafish to be expressed in these two latter regions. Thus, the ancestral expression pattern of evx1 in vertebrates appears to have been distributed between evx1 and eve1 in zebrafish. We propose that evx1 and eve1 underwent a complementary loss of expression domain in zebrafish that allowed the maintenance of the two paralogs in accordance with the duplication-degeneration-complementation model. It is important to note that, in zebrafish, Evx1 and Eve1 have lost most of the protein domain upstream of the homeodomain. In addition, Eve1 has accumulated substitutions in positions that are highly conserved in all other Evx proteins. Thus, the reduction of the expression domain of both evx1 and eve1 in zebrafish appears to be associated with the modification of constraints on the protein sequences, allowing the shortening of both genes and an accelerated substitution rate in eve1 .
INTRODUCTION
The even-skipped ( eve ) gene was initially identified in Drosophila melanogaster on the basis of its "pair-rule" function during body segmentation (Nusslein-Volhard and Wieschaus 1980; Harding et al. 1986; Macdonald et al. 1986 ). It was then demonstrated to exert late functions in other developmental processes of the fly such as neurodifferentiation (Doe et al. 1988; Bossing et al. 1996) , differentiation of mesoderm derivatives (Azpiazu et al. 1996; Riechmann et al. 1997) , and analia development (Moreno and Morata 1999) .
The conservation of the homeobox sequence of eve allowed the isolation of homologous genes in a wide array of eumetazoan phyla. Functional studies revealed the conservation of eve functions in posterior body patterning and neurogenesis not only in insects (Sulston and Anderson 1998; Schroder et al. 1999 ) and nematodes (Ahringer 1996; Jungblut and Sommer 2001) , but also in more distant species such as mouse (Moran-Rivard et al. 2001) , Xenopus (Ruiz i Altaba and Melton 1989b), and zebrafish (Barro et al. 1995) . In the amphioxus ( Branchiostoma floridae ) lineage, a tandem duplication formed two evx paralogs: AmphiEvxA and AmphiEvxB (Ferrier et al. 2001) . In Vertebrata eve -related genes ( evx ) are located at the 5 Ј end of the "extended Hox complex" (Amores et al. 1998; Pollard and Holland 2000) .
Extensive studies of the organization and evolution of the Hox gene clusters in the phylum Vertebrata suggested that the ancestral evx gene-within the ancestral extended Hox complex-duplicated together with the whole genome in ancestors of the vertebrates. It gave rise to the ancestral evx1 / eve1 and evx2 genes linked to the proto-HoxAB and protoHoxCD complexes, respectively (Fig. 1) . Then, another round of duplication gave rise to evx1 and eve1 linked to HoxA and HoxB , respectively (Amores et al. 1998 ). This two-round no-cluster-loss model of Hox clusters origin with a [(AB)(CD)] tree topology has been recently strengthened by the analysis of the Hox cluster organization of the jawless vertebrate Petromyzon marinus (Force et al. 2002; Irvine et al. 2002) . However, three-round models with tree topology
could not be rigorously excluded. Whatever the true topology is, evx1 and eve1 appeared before the divergence of Actinopterygii and Tetrapoda , and eve1 was subsequently maintained in Actinopterygii but not in Tetrapoda. Indeed, tetrapod species carry only two paralogs: evx1 (named Xhox3 in Xenopus laevis ) linked to the HoxA complex and evx2 linked to HoxD complex. The Hox genes are arranged in seven clusters in zebrafish, suggesting that an additional round of whole genome duplication occurred from which no new evx gene have survived to the present day. Thus, the genome of zebrafish contains three evx paralogs: evx1 , evx2 , and eve1 linked to the hoxaa , the hoxd , and the hoxba complexes, respectively (Fig. 1) .
The small number of evx paralogs found in vertebrate species (two to three) implies many independent gene losses. This is in accordance with the "classic" model of gene evolution that states that after gene duplication the two copies have fully redundant functions and thus the most common fate would be the formation of a pseudogene at one locus (Li 1980; Lynch and Conery 2000) . This immediately raises the Fig. 1 . Proposed scenario of the evolution of expression pattern of evx genes in Vertebrata. Expression data are summarized as black boxes representing the main expression domains of evx genes during embryonic development. Domains of weak expression are in grey. Note that larval stages and appendages expression data are excluded and that only AmphiEvxA expression data are presented for B. floridae. A, analia-genitalia; C, CNS; G, gastrula; T, tail. Horizontal bars placed on the tree represent the duplication events that lead to the increase of number of Hox complexes in vertebrate lineages. question of why some old duplications have been preserved. According to this model, the only mechanism for the permanent preservation of duplicate genes is the fixation of beneficial mutations endowing one of the copies with a novel function, whereas the second copy maintains the original function. The maintenance of a large proportion of duplicated genes in many eukaryotic genomes led to the proposition of another model, named duplication-degenerationcomplementation model (Force et al. 1999) . This model does not require the appearance of a novel function but rather the partitioning of the ancestral functions between the two gene copies. In brief, complementary degenerative mutations in regulatory elements should lead to subfunctionalizations that prevent subsequent gene loss. It proved to give an elegant explanation for the maintenance of duplicated developmental genes with complex expression pattern such as engrailed and sox genes (Force et al. 1999; de Martino et al. 2000) . We show here that this model could also explain the maintenance of eve1 in zebrafish. A careful comparison of the expression patterns of evx1 in vertebrate species shows that the ancestral expression pattern of evx1 was retained in Tetrapoda but partitioned between evx1 and eve1 in Danio rerio. The examination of the structure of both genes and their expression patterns shows an association between the loss of specific subfunctions and the modification of some selective constraints on the proteins. Partitioning of the ancestral subfunctions could have allowed (a) the deletion of a large protein domain in both Evx1 and Eve1 proteins of zebrafish and (b) amino acid substitutions in the Eve1 sequence, leading to an acceleration of its evolutionary rate.
MATERIALS AND METHODS

Sequence analysis
The zebrafish Evx1 amino acid sequence was compared against GenBank sequences using BLASTP (www.ncbi.nlm.nih.gov/blast), and then the matching sequences were imported. The procedure was reiterated with other Evx sequences to get an exhaustive sample of the genes belonging to this gene family. We identified the genomic contigs that contained the evx genes of Fugu rubripes and Tetraodon nigroviridis by performing BLASTN (www.hgmp.mrc.ac.uk/ blast) searches on the Fugu Genomics Project database (www. fugu.hgmp.mrc.ac.uk) and on the Tetraodon Genome Sequencing Project (www.genoscope.cns.fr). The putative complete sequence of Fugu Evx1, Tetraodon Evx1, and Tetraodon Evx2 and partial sequences of Tetraodon Eve1, Fugu Evx2, and Fugu Eve1 were identified using the GENESCAN program (www.genes.mit.edu/GEN-SCAN.html). Note that Tetraodon Evx1 and Evx2 contain a short track of X due to undetermined nucleotides in the corresponding genomic sequences. For Fugu evx1, the prediction program found an artefactual short intron (31 bp) at the beginning of the coding sequence, probably due to the addition of an extra nucleotide that disrupts the coding frame. Because the position of the wrong additional nucleotide was uncertain, we replaced the extra intron by 10ϫ in the amino acid sequence. With this modification, the sequence aligned well with the other Evx1 sequences (see Fig. 2B ).
An automatic alignment was performed using CLUSTALW (www.infobiogen.fr/services/analyseq/cgi-bin/clustalwinpl) (Thompson et al. 1994 ) and refined visually using MUST (Philippe 1993 ; available upon request from herve.philippe@umontreal.ca). A phylogenetic tree was generated by the neighbor-joining method using the unambiguously alignable homeodomains. As a measure of the robustness of each node, we used the bootstrap method (1000 replicates). Substitution rate analysis in Actinopterygii was performed by using MUST on 106 amino acid unambiguously alignable positions including the homeodomain and several blocks downstream of it. Fugu Evx2 was excluded because sequence data are missing for these positions.
In situ hybridization
Whole mount in situ hybridizations of zebrafish embryos and larvae were performed as described by Borday et al. (2001) . eve1 and evx1 probes have been previously described (Barro et al. 1995; Thaëron et al. 2000) . In situ hybridizations of X. laevis were performed as described by Harland (1991) with modifications as in Pownall et al. (1996) . Xhox3 probe has been previously described (Beck and Slack 1998) .
RESULTS
evx gene phylogeny
To study the evolution of evx genes, we conducted a phylogenetic analysis with all the Evx protein sequences available in databanks. Because these proteins were too divergent to be accurately aligned on their entire length, we restricted the analysis to the 60 amino acids of their homeodomain. The phylogenetic tree was rooted with Evx sequences from cnidarian species that served as an outgroup (Fig. 2) . The short length of the homeodomain did not allow us to obtain a robust phylogeny. However, many sequences branched according to known evolutionary relationships between species: Evx proteins of Arthropoda and most Chordata species clustered into monophyletic groups. Although Evx1 and Evx2 proteins of zebrafish unambiguously regrouped together with other vertebrates sequences, this was not the case for Eve1. It branched out deep in the tree between nematodes and (Arthropoda ϩ Chordata) sequences, presumably because its homeodomain has accumulated a high number of substitutions.
Comparison of Evx proteins of vertebrates
The Evx proteins of vertebrates, except Eve1 (see below), could be aligned over their full length. However, they could not be confidently aligned with protostome sequences nor with AmphiEvxB. AmphiEvxA only displays a few blocks of homology outside the homeodomain (Ferrier et al. 2001 ). Thus, we analyzed the evolution of evx1 and eve1 in verte-brates, using evx2 as an outgroup. The alignment of the putative proteins (Fig. 2B ) and a schematic representation of their structure (Fig. 3) showed some changes in the course of the evolution of zebrafish evx1 and eve1. The length of the evx coding sequences varied from 223 to 476 amino acids. Mouse and human Evx2 proteins are the longest because they both contain insertion of poly-Alanine and poly-Glycine tracts in their COOH terminus. Fugu and Tetraodon Evx1 proteins show a large deletion upstream of the homeodomain that reduces the total protein length to 343 and 345 amino acids, respectively. Zebrafish evx1 and eve1 genes are the shortest because they lost most of the sequence upstream of the homeobox. The remaining sequence (28 amino acids) in zebrafish Evx1 is homologous (36% identity) to the 29 amino acids upstream of the Xhox3 homeodomain. The 35 amino acids upstream of the homeodomain in Eve1 could not be aligned with the other Evx sequences. Downstream of the homeodomain, zebrafish Evx1 is well conserved in the domains that are almost invariant in the other genes, whereas Eve1 had accumulated amino acid substitutions in the 80 alignable positions just after the homeodomain. This region, which contains the repression domain (Briata et al. 1997) , is highly conserved in the other proteins: There is 97.5% identity between human and zebrafish Evx2, 85% identity between human and zebrafish Evx1, and a mean identity of 74% between Evx1 and Evx2 proteins. The level of identity dropped down to a mean identity of 39% and 36% between zebrafish Eve1 and the vertebrate Evx1 and Evx2, respectively.
Finally, the last 40 amino acids are also highly conserved in this gene family, except in Eve1 for which a clear homology with the other sequences could not be found. The mean number of amino acid substitutions between the paralog groups of Evx proteins of D. rerio, F. rubripes, and T. nigroviridis was computed on 106 homologous positions to compare their evolutionary rates. Between D. rerio and T. nigroviridis, we obtained 0.019 substitution per site for both Evx1 and Evx2, whereas the rate rose up to 0.24 for Eve1, suggesting a 10-fold higher substitution rate. Very similar results were obtained when comparing D. rerio and F. rubripes sequences (Eve1 ϭ 0.26, Evx1 ϭ 0.019, Evx2 ϭ not measurable). Between F. rubripes and T. nigroviridis, two Tetraodontidae, we observed no substitution in Evx1 and 0.029 substitution per site in Eve1.
Overall comparison of expression patterns of evx1 genes in D. rerio and X. laevis In zebrafish the transcription pattern of evx1 was documented from embryogenesis to larval stage (Thaëron et al. 2000; Borday et al. 2001 ) and the embryonic expression of eve1 was precisely described (Joly et al. 1993 ), but larval stages were not examined. In Xenopus embryos the overall expression of Xhox3 was characterized by assay of transcripts after dissection (Ruiz i Altaba and Melton 1989a) and was further documented only in the tail bud and posterior gut Slack 1998, 1999; Chalmers et al. 2000) . To compare the expression patterns of Xhox3, evx1, and eve1, we performed in situ hybridizations on embryonic and larval stages of Xenopus and zebrafish with probes to these genes.
Figure 4 presents a summary of these expression patterns at embryonic stages. Briefly, Xhox3 was expressed first (during gastrulation) in the ventroposterior part of the presumptive mesoderm (Fig. 4A, inset) . By the late tail bud stage, the gene was expressed in three regions: the tip of the growing tail, the central nervous system (CNS), and the posterior gut (Fig. 4A) . In zebrafish evx1 was detected in two main domains: several subsets of interneurons in the CNS and the posterior gut and the thin muscular layer that surrounds it ( Fig. 4B) (Thaëron et al. 2000) .
We carefully checked for evx gene expression in the ventral mesoderm of zebrafish and confirmed that neither evx1 nor evx2 were detectable before the somitic stages, even in embryos overstained on purpose (see also Sordino et al. 1996; Thaëron et al. 2000) . Similarly, we confirmed that no significant amount of evx1 was detected in the tip of the growing tail, unlike Xhox3 in X. laevis (Fig. 4, A and B ) Slack 1998, 1999) . In overstained zebrafish embryos, a faint evx1 signal was sometimes detected in the budding tail at 7 to 10 somite stages (not shown). In addition, evx1 and evx2 seemed to be transiently transcribed in a few cells in the tip of the tail at about 24 h postfertilization (not shown). But even if these could correspond to domains of weak expression, it cannot be compared with the high transcription level of Xhox3 in the corresponding area in X. laevis. evx1 and Xhox3 are expressed in homologous domains in the CNS and in the posterior gut From the budding of the tail until late embryogenesis, Xhox3 and evx1 were dynamically expressed in the same way in the proctodeum and its derivatives. This is particularly visible on stage 30 Xenopus embryos stained for Xhox3 expression and on 24-h postfertilization zebrafish embryos stained for evx1 (Fig. 4, A and C) . At these stages the cloaca territory and its opening were labeled in both species. At later stages the signal progressively restricted to the anal epithelia in a similar way in D. rerio and X. laevis larvae (see also Beck and Slack 1998; Thaëron et al. 2000) . From 24 to 48 h postfertilization, evx1 was transcribed in a bilateral row of interneurons in the spinal cord, in stripes of emerging interneurons located at the rhombomere boundaries in the hindbrain, and in the cerebellum of zebrafish embryos (Thaëron et al. 2000) (Fig. 5) . Similarly, the transcription of Xhox3 was detected in a bilateral row of cells in the spinal cord and in fuzzy stripes in the hindbrain of Xenopus embryos (Fig. 5A) . Fine observation showed that the first Xhox3 ϩ cluster overlapped the cerebellum and extended posteriorly (Fig. 5A) . The following stripes loosely delimited seven zones that correspond to the Xenopus rhombomeres (Fig. 5A) . Later, the signal faded in the hindbrain and became restricted to the cerebellum in both species (Fig. 5, C  and F) . Cross-sections in the hindbrain showed that the cell bodies of evx1 ϩ and Xhox3 ϩ neurons form two clusters located in the ventral alar plate and in the anlage of the sensory area (Fig. 5, B and E). In cross-sections through the spinal cord, the evx1 and Xhox3 signals mark cells located medioventrally in the wall of the neural tube, indicating they are postmitotic interneurons (not shown). We thus propose that evx1 ϩ and Xhox3 ϩ cell clusters in X. laevis and D. rerio hindbrain and spinal cord are homologous interneurons.
eve1 and Xhox3 are expressed in homologous domains during gastrulation and tail elongation eve1 is the only evx gene to be intensely transcribed during zebrafish early embryogenesis (Fig. 4C, inset) . It was expressed just before gastrulation in the ventrolateral part of the margin. As epiboly proceeded, eve1 was expressed in external cells that approach to the ventral margin of the germ ring, and expression decreased once cells became internalized and adopted a mesodermal fate. This led to a graded expression pattern with the highest signal on the ventral side of the blastopore. Then, as the tail protruded the eve1 transcription stopped on the ventral side and started at the tip of the caudal mesenchyme and progressively formed a horseshoeshaped signal that persisted through embryogenesis (Figs. 4C and 6, A-C) (Joly et al. 1993) . At the end of tail elonga- Fig. 4 . Transcription patterns of evx1-related genes of X. laevis and D. rerio. Lateral views of embryos are presented with anterior to the left and dorsal side up, and whole mount in situ hybridizations were performed with probe to Xhox3 on X. laevis embryos and with probe to evx1 or eve1 on D. rerio. (A) In stage 30 embryos, Xhox3 is detected in the distal mesenchyme of the tail, the posterior gut and the forming analia-genitalia, and in the central nervous system. The Xhox3 expressing cells in the central nervous system are located in the wall of the neural tube, indicating that it is expressed in neurons that have completed their last mitosis. Xhox3 pattern forms a continuous signal in the cerebellum, whereas it is striped in the hindbrain (see Fig. 5A for higher magnification). In the spinal cord, Xhox3 ϩ neurons form a continuous row located at a medioventral level. This region corresponds to the ventral part of the region where interneurons lay. Inset: X. laevis embryo at the end of gastrulation (posterior view, dorsal side up). Xhox3 is expressed in a graded manner in the presumptive ventrolateral mesoderm before and during gastrulation (dashed line indicates the location of the blastopore, white and black arrows indicate, respectively, the dorsal and ventral lips of the blastopore). (B) D. rerio at 24 h postfertilization (hpf) probed with evx1. The transcription of evx1 is detected in several subsets of postmitotic neurons. In the brain a few neurons are labeled weakly in the tegmentum (out of focus), whereas a strong signal is detected in the cerebellum and in discrete groups of commissural interneurons in the hindbrain (see Fig. 5D for higher magnification).
On each side of the spinal cord, evx1 is expressed in clusters of ventral interneurons that will progressively form a continuous row (not shown). At this stage evx1 is also expressed in the posterior gut and in the forming analia-genitalia. Note that we did not detected significant level of evx1 transcripts in the ventral mesoderm during gastrulation nor in the growing tail bud. (C and inset) D. rerio probed with eve1 at 24 hpf and at the end of gastrulation (80% epiboly; posterior view, dorsal side up), respectively. eve1 is expressed in a graded manner in the ventrolateral mesoderm (the margin is indicated by a dashed line, its dorsal side is pointed by a white arrow, and its ventral side by a black one) before and during gastrulation. Then, as the tail protrudes and elongates, the signal restricts to the distal tip of the growing tail. ag, analia-genitalia; c, cerebellum; h, hindbrain; sc, spinal cord; t, tail. Scale bars, 500 m. and in a ribbon of cells (black arrow) located at the level of the ectoderm region that will form the median fold in the following hour. Lateral view (D) and high magnification (E) of the caudal part of a zebrafish larva at about 3 weeks. At this stage tail formation completes and the caudal axis curves up as indicated by a dashed line. eve1 later expression in this region is restricted to the very tip of the caudal axis (arrow). Lateral view (F) and cross-section (G, dorsal side up) of a 72-h postfertilization embryo show that eve1 is transiently expressed in developing pharyngeal teeth (arrowheads). Lateral view (H) and cross-section (I) of a 30-day postfertilization (dpf) larvae. The eve1 signal is restricted to the anal epithelium (arrow) of zebrafish larvae from 3 up to 30 dpf. a, anus; e, epithelium; h, hindbrain; Kv, Kupffer's vesicle; n, notochord; ot, otic vesicle; p, pharyngeal cavity. Scale bars: (A-D, F-I) 100 m, (E) 50 m.
tion, as the caudal axis curved up, the signal marked the tip of the vertebral axis (Fig. 6, D and E) . These two aspects of eve1 pattern perfectly matched the one displayed by Xhox3 in X. laevis (see above).
We detected four eve1 expression domains that were not previously described. First, we detected eve1 transcripts in cells that emerged from Kupffer's vesicle (Fig. 6B) , a zone that is the source of the caudal mesoderm. Second, from 18-to 22-somite stages eve1 was transiently detected in a ribbon of cells located in the region where the caudal part of the median fold will form (Fig. 6C) . At this stage, we did not detect eve1 transcripts in the CNS nor in the gut. Third, between 2 and 6 days postfertilization eve1 was dynamically expressed in a series of bilateral cell clusters located below the pharyngeal cavity (Fig 6, F and G) . These corresponded to developing pharyngeal teeth, a dynamic pattern that has been analyzed (C. Thaëron-Antono, P. Laurenti, and J.-Y. Sire, unpublished data). Fourth, at 3 days postfertilization eve1 expression was turned on in the posterior-most parts of the gut epithelium (not shown). The signal reinforced during the following days and restricted progressively to the anus epithelia where it was maintained up to 30 days postfertilization (Fig. 6, H and I) .
DISCUSSION
All evx genes identified so far in Tetrapoda reside in two paralog groups: evx1 and evx2. eve1, a third paralog that arose from an ancient duplication in the vertebrate lineage, has been found only in D. rerio and in two Tetraodontidae, T. nigroviridis and F. rubripes. This raises the question of why eve1 is maintained in the lineage leading to Teleostei. The description of the expression patterns of AmphiEvxA in amphioxus (Ferrier et al. 2001 ) allowed us to analyze the evx1 genes expression patterns within the phylum Vertebrata by using Amphioxus as a close outgoup. Ferrier et al. (2001) inferred that in the last common ancestor of Chordata the ancestral evx gene was expressed in the ventral mesoderm during gastrulation and subsequently in the tail bud and the CNS. In addition, a close look at the data (Ferrier et al. 2001) suggests that AmphiEvxA is expressed in the wall of the anal opening. Because this is also the case for eve in D. melanogaster (Moreno and Morata 1999) and evx1 in Tetrapoda (this study), the expression of an evx gene in the posterior part of the gut is probably a common feature of Bilateralia.
First, taken together, our results and published data allow us to infer that the expression pattern of evx1 in the last common ancestor of vertebrate species was probably very close to the expression pattern of Xhox3 in the extant X. laevis. In both mouse and Xenopus, evx1 gene is transcribed from late gastrula stages in posterior ectoderm and mesoderm. In Mus musculus, evx1 is transcribed as early as E6.5-that is, just before gastrulation-in a ring of 5-10 cells corresponding to the posterior part of the embryo (Dush and Martin 1992) . Then, from E6.5 to E10.0 the evx1 signal labels the primitive streak, the flanking ectoderm, and the mesoderm emerging from it in a graded manner (with highest levels in the posterior end of embryo). In X. laevis a similar dynamic pattern of Xhox3 is seen centered around the ventral lip of the blastopore, a territory that corresponds to the posterior primitive streak. Xhox3 is activated at gastrula stage in the presumptive mesoderm (Ruiz i Altaba and Melton 1989a), and then the signal increases in the outside cells that will enter the ventral lip of the blastopore to give rise to ventrolateral mesoderm (Beck and Slack 1998) . Then, as the tail protrudes, evx1/Xhox3 is transcribed in the mesenchyme of the tail bud in both M. musculus and X. laevis (Bastian and Gruss 1990; Dush and Martin 1992; Dolle et al. 1994; Beck and Slack 1998) . These two aspects of evx1 gene expression have been demonstrated to be functionally relevant in X. laevis, because early gain-of-function experiments indicate that Xhox3 is involved in early axis determination (Ruiz i Altaba and Melton 1989b), and grafting experiments have demonstrated that Xhox3 controls the outgrowth of the tail (Beck and Slack 1999) . From somitogenesis to larval stages, the main features of evx1 genes expression pattern are similar in D. rerio, X. laevis, and M. musculus. Zebrafish evx1 and Xenopus Xhox3 are transcribed in a similar pattern in the proctodeum and later in posterior parts of the hindgut and in its surrounding mesoderm. This dynamic pattern matches the one described in mouse embryos between 9 and 12 days of gestation (Bastian and Gruss 1990; Dush and Martin 1992; Gofflot et al. 1997 ). In addition, evx1 and Xhox3 are expressed in a subset of forming interneurons in the spinal cord. This is also the case in the spinal cord of chick (Burrill et al. 1997 ) and mouse (Bastian and Gruss 1990; Dush and Martin 1992) in which evx1 was demonstrated to control the fate of V 0 interneurons (Moran-Rivard et al. 2001 ). In the hindbrain we showed that evx1 and Xhox3 are expressed in two subsets of homologous interneurons which cell bodies lie in dorsal and in ventral alar plate and that project axons ventrally. More anteriorly, evx1 and Xhox3 are expressed in a similar way in the cerebellum of both species. Similarly, Bastian and Gruss (1990) detected evx1 transcripts in a continuous row of commissural interneurons, with an anterior limit corresponding to the isthmus of the mouse embryo. We thus propose that the pattern of transcription of evx1 in the ancestor of extant vertebrate species displayed the following features: (a) activation in the ventral mesoderm forming region of the gastrula, then (b) transcription in the growth zone of the tail bud, and (c) at later stages transcription in the proctodaeum and its derivatives (analia-genitalia) and in a series of discrete neurons in the CNS (ventral interneurons in the spinal cord, commissural interneurons in the hindbrain, and uncharacterized neurons in the cerebellum).
Second, we propose that evx1 and eve1 underwent a reciprocal loss of expression domains in the lineage leading to zebrafish. The evx1 gene of zebrafish only retains two aspects of the ancestral pattern: the expression in a series of subtypes of neurons in the CNS and the expression in the proctodaeum and its derivatives. We assume the loss of the two other ancestral expression domains of evx1 (i.e., ventral mesoderm of the gastrula and tail bud). The functions associated with these two expression domains are not carried out by evx2 in zebrafish because evx2 transcription is undetectable before the 10-somite stage (Sordino et al. 1996 ; this study). It is striking how the expression pattern of eve1 accurately fills the "gaps" of the evx1 pattern in zebrafish. eve1 transcription in zebrafish is progressively activated in cells that approach the ventral part of the margin, in the same way as evx1 is activated in the cells approaching the ventral lip of blastopore in X. laevis or the posterior part of the primitive streak in M. musculus. eve1 signal reaches its maximum intensity when the cells enter the margin and then decreases as cells emerge from it. Then, and again like evx1 in Tetrapoda, once the tail protrudes eve1 is activated in the tail bud mesenchyme, and this signal will persist until the end of the growth of the tail. Moreover, eve1 is probably functionally equivalent to Xhox3 during early embryogenesis because eve1 gain-of-function experiments provoke both posteriorized phenotypes and partial tail duplications (Barro et al. 1995) . It should be noted that the eve1 and evx1 patterns are not fully disjoined because both genes are still coexpressed in posterior gut during larval stages.
In summary, in the lineage leading to zebrafish, eve1 and evx1 have reciprocally lost subsets of the ancestral evx1 gene function, in accordance to what is predicted by the duplicationdegeneration-complementation model (Force et al. 1999) . The complementary nature of their expression domains made the subsequent loss of one of them impossible. In contrast, eve1 could have been lost in the lineage between the last common ancestor of bony vertebrates and the last common ancestor of Tetrapoda. These observations suggest that the expression patterns of evx1 and eve1 widely overlapped in the last common ancestor of bony vertebrates. As it is unlikely that redundant genes maintain for a long period of time (Lynch and Conery 2000) , it suggests that the duplication event that gave rise to evx1 and eve1 and the divergence of Actinopterygii and Sarcopterygii occurred in a short period of time. Our hypothesis predicts that eve1 may have been conserved in the lineages that branch between the time of HoxA and HoxB formation and the divergence of Actinopterygii. Little is known about the evolution of the "extended Hox complexes" of species, such as lampreys and sharks, that could have branched out during that period. Indeed, no evx gene has been identified yet in lampreys, and only one, the evx2 ortholog evxN, has been identified in sharks (Kim et al. 2000) . However, the recent survey of Hox genes in the sea lamprey Petromyzon marinus strengthened the hypothesis that the HoxA and HoxB clusters arose from the duplication of a proto-HoxAB cluster (Force et al. 2002) . Thus, if the evx genes actually duplicated together with the Hox complexes, eve1 should be more closely related to evx1 than to evx2.
Other hypotheses about the origin of eve1 cannot be definitively ruled out but require additional genetic events. First, eve1 could have arisen from an ancient tandem duplication of the ancestral evx gene at about the time of protostomes/deuterostomes divergence. In this case, eve1 would have been lost independently in all the bilateralian lineages except Actinopterygii. Second, one can imagine that eve1 is the result of a recent duplication of either evx1 or evx2 in the Actinopterygii lineage. Note that in that case the acceleration of the evolution rate of eve1 should be much higher than we hypothesize (see below). Whatever the molecular mechanism by which this new copy was generated (e.g., genome duplication, tandem duplication, retrotransposition), it requires the newborn gene to have been subsequently translocated to the "right place" at the 5Ј end of the Hoxba complex.
To study the consequences of the loss of specific subfunctions on evolutionary rates of evx1 and eve1, we performed a phylogenetic analysis based on the alignment of the Evx protein homeodomains. Despite its low robustness, the phylogenetic tree shows that the homeodomains of Evx proteins of vertebrates evolved slowly and cluster together, except for the Teleostei Eve1 that branches out at the base of the tree. This last point is not in accordance with the phylogeny of the Hox clusters (Amores et al. 1998; Meyer and Malaga-Trillo 1999; Force et al. 2002) , which implies that Eve1 sequences form the sister-group of Evx1. The basal position of Eve1 in the tree is thus probably due to long branch attraction (Felsenstein 1978) because its homeodomain accumulated substitutions much faster than the other Evx proteins. Accordingly, Ferrier et al. (2001) obtained similar results by using another tree reconstruction method and demonstrated that it was also the case for the AmphiEvxB gene of amphioxus.
To gain further insights on the evolution of evx1 and eve1 genes of zebrafish, we focused on Evx sequences of vertebrate species because they could be accurately aligned on their entire length. A careful examination of this alignment revealed that the sequence of Eve1 actually accumulates substitutions at many sites that are highly conserved in the other sequences. First, the short sequence (35 amino acids in zebrafish) upstream of the homeodomain has no identifiable homologous sequence in the other Evx proteins. Second, Eve1 homeodomain accumulates most of the substitutions observed for this part of the protein (12/16). Third, the 100 amino acids that follow the homeodomain are highly conserved between almost all the Evx proteins (about 75% identity between Evx1 and Evx2) except Eve1. The comparison of zebrafish Eve1 with either Evx1 or Evx2 genes showed a much lower identity level (about 35%) due to the accumula-tion of many substitutions in Eve1. Finally, the COOH terminus of Eve1 (17 C-terminal amino acids in D. rerio, 28 in F. rubripes and T. nigroviridis) displays no homologous position in the other genes. The mean number of substitution per site between D. rerio and Tetraodontidae Eve1 protein (0.25) is about 10 times higher than that of Evx1 or Evx2 (0.019). Moreover, the mean number of substitution per site between the two Tetraodontidae Eve1 protein (0.029) is higher than the one observed between D. rerio and Tetraodontidae Evx1 or Evx2 protein. Thus, Eve1 shows an accelerated substitution rate not only in the homeodomain but also in the entire length of the protein. Furthermore, the accelerated evolution of eve1 is probably an ongoing process, at least in Tetraodontidae.
Large deletions occurred in the sequence upstream of the homeodomain of Evx1 proteins of Actinopterygii. In F. rubripes and T. nigroviridis, an internal deletion occurred that preserved an NH 2 terminus that is alignable (over about 80 amino acids) with the Evx1 proteins of tetrapod species. In zebrafish the evx1 gene was sequenced from two independent clones isolated from two different cDNA libraries (Thaëron et al. 2000) . Both clones share an identical open reading frame that putative protein sequence displays a truncation in the NH 2 terminus. The remaining sequence (28 residues) can be accurately aligned with an internal sequence of Xenopus Xhox3 beginning with a methionine. This strongly suggests that in the lineage leading to zebrafish, the initiation of translation moved to an internal methionine. Thus, these deletions probably occurred independently in Tetraodontidae and in zebrafish.
In summary, several well-conserved domains of Evx proteins that were under a strong purifying selection have been lost or highly modified in Teleostei Eve1 and Evx1. Interestingly, in zebrafish we observed an association between the restriction of the domain of expression of these proteins and the modification of some constraints on their sequences. Indeed, eve1 is both the most divergent gene of the evx family in vertebrates and the sole even-skipped related gene that is not expressed in the CNS. It is thus tempting to propose that the function in the CNS is the main reason for the conservation of the primary sequence of evx genes. The accumulation of substitutions in eve1 could thus be due to the relaxation of selection induced by its lack of expression in CNS. A statistical test of this hypothesis will necessitate the characterization of eve1 genes from a larger set of species.
